Abstract. Many factors affect development of mammalian preimplantation embryos in vitro. It is well known that in vitro development of bovine embryos is highly affected by culture condition including energy source, growth factors, pH or gas environment. Many efforts have been made towards the suitable environments which can successfully support embryo development in vitro. For a rapid growth and differentiation, embryo requires energy by utilizing ATP, NADPH with oxygen molecules. These energy substrates are produced from the electron transport chain in the mitochondria. In addition to energy production, reactive oxygen species (ROS) are also generated as by-product of such energy production system. ROS production is sensitively controlled by the balance of oxidizing and reducing status and affected by several antioxidant enzymes such as superoxide dismutase (SOD), Catalase, glutathione peroxidase (GPx) or low molecular weight thiols such as glutathione (GSH). Imbalance of oxidation and reduction causes production of excess ROS, which causes the developmental arrest, physical DNA damage, apoptosis induction or lipid peroxidation. Environmental oxygen condition during embryo culture also highly affects embryo development as well as intracellular redox balance. Several studies have revealed that regulation of intra-and extra-cellular reducing environment by reducing excess ROS by using antioxidants, reducing oxygen concentration are effective for improving embryo development. Also, recent studies have demonstrated the difference in gene expression affected by oxidative stress. This review briefly summarizes the effects of ROS and the role of redox balance on preimplantation embryos for improving the efficiency of in vitro production of mammalian embryos. Key words: Embryo development, Glutathione, Intracellular redox state, Reactive oxygen species (J. Reprod. Dev. 58: 1-9, 2012) H andling of oocytes and embryos in vitro is an effective technique for obtaining offspring by embryo transfer, investigating the mechanisms of early embryonic development and differentiation, gene functions by transgenic approach and research of somatic cell clones in mammals. To improve the pregnancy rates in in vitro produced (IVP) embryos, it is important to evaluate and improve the quality of embryos suitable for transfer. Therefore, increasing the number of good quality embryos as well as selection of superior quality embryos is one of the most practical and clinically useful approaches in embryo transfer of mammalian preimplantation embryos. It is well known that in vitro development of bovine embryos is highly affected by culture condition. Therefore, much effort has been made towards the effective culture methods that support embryo development in vitro. The detrimental effect of oxidative stress caused by a high oxygen concentration under culture condition on embryo development has been studied with the comparison of oxygen concentration in in vivo condition.
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It was found that embryo development is promoted under a low O 2 concentration (2-7%) compared with a higher O 2 concentration (atmospheric: approx. 20%) [1] [2] [3] [4] [5] [6] [7] . Detrimental effect of O 2 concentration has correlated with the generation of ROS [8, 9] . Therefore, to protect the embryos against oxidative stress seems to be a one of the keys to improve the development. To reduce the toxicity of ROS for improving embryo development, antioxidants are effective to regulate intra-and extra-embryonic environments. The present review summarizes the effect of redox balance and ROS on in vitro development of mammalian preimplantation embryos.
Production and Scavenging of ROS
In the aerobic respiration and metabolism within the cell, the reactive oxygen species (ROS) such as superoxide anion radical (O2• − ), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (•OH) are generated as by-products. These ROS are highly reactive to remove the electron from other molecules. The generation of O2• − is the initial step in the formation of ROS by donating a single electron to oxygen molecule (O 2 ) and resulting in a very reactive unpaired electron state. Generation of O2• − radical becomes a mediator in oxidative chain reactions to produce H 2 O 2 by dismutation of O2• − radical [10] followed by reducing pathway to produce water and O 2 . H 2 O 2 is stable and can cross cell membrane. However, in the presence of irons within the cell, H 2 O 2 and O2• − interact in a Haber-Weiss reaction [11] to generate •OH, which is very highly reactive to cause oxidative damage [12] . ROS generation is controlled by enzymatic and non-enzymatic processes. Enzymatic defenses against O2• − include superoxide dismutases (SOD) that dismute O 2 to H 2 O 2 [13] . Dismutation of O2• − is mainly achieved by Cu,ZnSOD located in the cytoplasm and Mn-SOD located in mitochondria [14] . The generated H 2 O 2 is converted by the reaction of Glutahione peroxidase (GPx) [15] and catalase [16] to finally generate H 2 O 2 .
The mitochondrial respiratory chain is the main oxygen consuming system in cells [17, 18] as a major source of toxic ROS (Fig. 1) . The number of mitochondria in oocyte is 100 times higher than those of somatic cells [19] , which shows the necessity of energy production for a drastic cell growth and differentiation. Therefore the majority of ROS are produced from this system even under physiological conditions. Velez-Pardo et al. have revealed the higher levels of ROS in non-competent embryos than competent embryos, which have correlation with mitochondrial damage [20] . Increase of ROS levels is detected in preimplantation embryos by several in vitro culture conditions in mouse [8, 21] , cow [22] and human [23] . In addition to ROS, nitric oxide (NO) is also an important radical species that affects cellular damage [24] .
Effects of Oxidative Stress on Development of Preimplantation Embryos
Many studies have demonstrated a delay of development or developmental arrest in mammalian preimplantation embryos cultured in vitro when compared to embryos that had developed in vivo. One of the environmental factors that could contribute to this difference is the oxygen concentration. In in vivo condition, oxygen concentration in oviductal and uterine environment is lower (2-8%) [25] [26] [27] [28] [29] than those typically used for the culture of embryos in vitro, e.g., atmospheric oxygen (approx. 20%).
The detrimental effect of oxidative injury on the development of mammalian preimplantation embryos cultured in vitro has been widely studied. Toxic effects of atmospheric oxygen concentration under an ordinary culture conditions and beneficial effect of lower O 2 concentrations (5-7%) on embryo development have been reported in mouse [1, [30] [31] [32] [33] [34] , hamster [2, 35] , rat [3] , pig [4, [36] [37] [38] , sheep [5, 39, 40] , goat [6] , cow [5, [41] [42] [43] [44] (Fig. 2) and human [7, [45] [46] [47] . This reduction of embryo development under high oxygen level is likely due to oxidative stress to embryos, since the addition of free radical scavengers [8, 9] or reducing agents [48, 49] to the culture medium improves the extent of development to the blastocyst stage even under an atmospheric oxygen concentrations.
Oxidative stress to embryos cultured in vitro under ambient oxygen concentration is correlated with the generation of ROS such as hydrogen peroxide [8, 21] [62] and cow [63] [64] [65] [66] embryos (Table 1 ). These studies have revealed the change of individual gene expression involved in metabolic pathway [59, 61, 63, 64] , apoptotic [60] , pregnancy recognition [60, 129] or growth factors [60, 61] etc. In addition to individual gene expression, global gene expression pattern was also analyzed by micro array [33] . This study has revealed that global gene expression pattern of mouse embryos cultured under low (5%) O 2 was more close to in vivo embryos compared to embryos cultured under high (20%) O 2 tension. Harvey et al. suggested that the expression of oxygen-regulated transcription factors (HIF1) associated with other genes [67] . Besides, a proteomic analysis of mouse preimplantation embryonic development has cleared that a specific pattern of proteins effectively discriminated in vitro embryos cultured under low O 2 (5%) from in vitro embryos cultured at high O 2 [68] . These studies highly suggest that in vitro condition under conventional O 2 culture (20%) is still different from in vivo condition affecting gene expression and protein synthesis. However, reducing O 2 concentration from 20 to 5% effectively closed the expression patterns to in vivo-produced embryos.
Favetta et al. have revealed that the oxidative stress related activation of p66Shc, which induces H 2 O 2 /ROS generation and mitochondrial dysfunction, may be one of a key player in the positive feedback signaling pathway required for permanent cell cycle arrest whereas a low contribution of p53 which is induced by DNA damage [22, 69, 70] .
Balance of Intra-and Extra-cellular Reducing Status in Embryo Development -A Role of Glutathione (GSH) -
After ovulation, oocytes move to oviduct for fertilization and early development followed by reaching to uterus. Therefore control of the ROS generation in genital tract could be an important determining factor in successful fertilization and subsequent implantation. Antioxidant enzymes such as SOD [71] [72] [73] [74] [75] , GPx and catalase [71] are constantly expressed in mammalian oviduct. More recent study has revealed the ROS-scavenging role of epoxide hydrolase in the oviduct [76] . Also antioxidant enzymes are expressed in oocytes and embryos [59, 60, 63] . In addition to antioxidant enzyme, non-enzymatic antioxidants have important roles for keeping intra-and extracellular redox balance. One of such non-enzymatic antioxidants is a glutathione (GSH). GSH is a tripeptide thiol synthesized by glutamic acid, cysteine and glycine in the pathway of γ-glutamyl cycle [77, 78] and is present in either reduced (GSH) or oxidized (GSSG) form. GSH acts as a strong reducing agent as well as serving an electron donor for glutathione peroxidase (Fig. 1) .
GSH is known to have important roles for keeping intracellular redox state to protect the cells against harmful effects caused by oxidative stress. GSH has many important functions in cells or embryos not only for protection from oxidative injuries, but also for DNA synthesis [79] , transcription [80] , cell cycles [81] , cytokine activity [82] and apoptosis [83] . Embryonic development is also highly affected by intra-and extracellular redox state correlated with GSH synthesis [48, 84] as well as DNA synthesis [85] . Synthesis and secretion of GSH is observed in the oviductal fluid [84] , which indicates the redox balance of intra-and extra environment is also important in in vivo embryonic development. For an effective culture of bovine embryos, it is important to regulate intracellular GSH by controlling cystine and cysteine as a major source of GSH against the oxidative stress. Therefore, the maintenance of intracellular redox state by increasing GSH level is an important factor for embryo development. In the process of GSH synthesis, cysteine is known to be a late limiting factor [78] . Furthermore, GSH synthesis is highly dependent on the availability of cysteine outside of the cells [86] [87] [88] . Direct addition of cysteine improves the embryo development in pig [89] and cow [90] embryos. However, cysteine in the medium is easily oxidized even under usual culture conditions [91, 92] forming cystine, a dimer of cysteine. Once cysteine is changed to cystine, growth of some cells such as lymphocytes is inhibited because of a low membrane transport of cystine molecule causing the depletion of GSH and growth inhibition [93] . Addition of thiols such as β-mercaptoethanol (β-ME) or cysteamine promotes the uptake of cystine in the cells which have a poor ability of cystine uptake followed by enhanced GSH levels and cell growth [87, 94, 95] . In case of bovine embryos, low utility of cystine was elucidated throughout the stage of preimplantation development [49] (Fig. 3) . Increase of the uptake of cystine by reduction with β-ME was metabolized in the embryos including GSH synthesis [49] .
Growth-promoting effects of these thiols are widely observed in many mammalian embryos when supplemented to IVM/ IVD [104] , canine [105] and mouse [106, 107] . Addition of thiol (β-ME) significantly increased the embryo development even under higher oxygen concentration (Fig. 4) [38, 49] . Therefore one of most important growth-promoting effects of these thiols highly correlates with keeping intracellular redox balance by GSH synthesis. Recent study has indicated that direct incorporation of GSH as an ester form improves embryo development in macaque [108] and bovine [109] embryos after in vitro maturation.
Antioxidants for Improving In Vitro

Development of Embryos
Several protein and non-protein antioxidants are reported to improve embryonic development ( Table 2) . Utilization of such antioxidant enzyme or protein is effective for improving in vitro development of embryos. Addition of free radical scavenger en- zymes such as SOD, catalase or thioredoxin are effective for embryo development by scavenging ROS and serving embryos a low oxidative stress conditions in mouse [110] [111] [112] , pig [113] and cow [90] . Melatonin, known as an antioxidant protein, also improved the embryo development [114] [115] [116] . These protein antioxidants have relatively larger molecular weight. Therefore, these effects are possibly due to scavenging extracellular ROS generated and moved toward outside of embryos. Non-protein antioxidants widely contain vitamins, minerals, or chelating agents. In addition to GSH reviewed in the previous chapter, other non-protein antioxidants supports embryo development in vitro. Antioxidant vitamins such as α-tocopherol, β-carotene, ascorbate, and vitamin C are among the major dietary antioxidants that directly scavenge ROS and provide a condition of protection against the damaging effects of ROS. The active form of the vitamin E homologues is α-tocopherol which protects cell membranes from oxidation by reacting with ROS and lipid radicals produced in the lipid peroxidation. Supplementation of vitamins to culture medium improves embryo development in mouse [117] , pig [38, 118, 119] and cow [120] .
Polyphenols are a wide variety of organic molecule contained in vegetables, fruits and plant-derived beverages such as tea, red wine, and extra virgin olive oil. They are characterized by the presence of several groups involved in phenolic structures and include the flavonoids and phenolic acids. Flavonoids promoted development of bovine embryos culture both in high (20%) and low (5%) O 2 tension with reducing the intracellular ROS [121] . Also supplementation of polyphenols promotes development of pig [122] and mouse [123] embryos as well as cow embryos [121, 124] . Addition of flavonoids also affected the expressions of Mn-SOD, survivin, Bax-I, Glut-5 and IFN-τ genes in cow embryos as well as improving development [121] .
In addition of direct scavenging of ROS, indirect reaction is also important to prevent (reduce) production of ROS. As shown in Fig.  2 [125] . GPxs are a family of enzymes divided to two groups, selenium (Se)-independent and Se-dependent enzymes, present in the cytoplasm and the mitochondria. Growth-promoting effect of sodium-selenite [126] [127] [128] probably involved in formation or activation of GPXs for improving efficient reduction of ROS.
Conclusions
Reproductive functions are carefully controlled by energy balance, signal transduction pathway, autorine-paracrine-or endocrine-systems etc. ROS produced from metabolic pathway also highly affect the controlling of reproductive functions. In case of embryo development, many steps including oocyte growth, maturation, ovulation, fertilization, preimplantation development are carefully controlled. In normal development, energy production is achieved by several metabolic pathway with O 2 utilization. A small amount of ROS molecules are leaked even in the normal metabolic pathway. Such ROS highly affect cellular function and signal transduction. Recent reproductive technology has enabled the handing of such gamates outside mammalian body under artificial condition. However, comparing with in vivo environment, in vitro environment still lacks the suitable condition for oocyte, sperm or embryos. In the present review, oxidative stress has been focused on for embryo development in vitro. ROS or NOS also act as signals to control gene expression to regulate cell functions or prevention of stress-related changes in gene or protein expression.
Maintaining of intra-and extra-cellular redox balance is very important for providing suitable environments for metabolic and gene expressions followed by embryo development. Oxidative status has been suggested as useful methods in estimating the risk of oxidative damage and associated dysfunctions in embryo development. Direct or indirect detection and evaluation of oxidative stress such as ROS generation, DNA damage or gene expression helps to develop a strategy for prevention or management of oxidative dysfunctions to improve embryo development in vitro. Development of screening technologies for intra-and extra-redox status could be used to improve understanding of the biochemical pathways and consequences of oxidative stress not only for embryo development, but also improving the pregnancy outcomes. [126] Acknowledgments I gratefully thank the Society for Reproduction and Development (SRD) for providing the opportunity to receive the outstanding research award 2011. I gratefully thank Dr T (Taku) Nagai (National Institute of Livestock and Grassland Science) and Professor N Okamura (Tsukuba University) for guiding me a deep interest of research as well as giving lots of helpful suggestions. I also thank colleagues of National Agriculture and Food Research Organization (NARO) for technical assistance and helpful suggestions. 
